INTRODUCTION
The principal organic sulphur compound entering the atmosphere from terrestrial and aquatic environments is dimethyl sulphide (DMS) Kuenen, 1992) . There is now good evidence that DMS in sea water is primarily derived from the degradation of dimethylsulphonium propionate, an osmolyte produced by many algal species and marine plants (Kiene, 1993) . Annual global production of DMS into the atmosphere has been estimated to be of the order of 45 T g sulphur, representing a significant fraction of the global biogeochemical sulphur cycle, but one whose subsequent fate in the cycle is only partly understood (Kelly & Smith, 1990) .
A major product of the photochemical destruction of DMS in the atmosphere is methanesulphonic acid IP: 54.70.40.11
On: Sat, 22 Dec 2018 05:36:42 D. P. K E L L Y a n d O T H E R S (CH,SO,H ; MSA), with sulphur dioxide and lesser quantities of other sulphur compounds also being generated (Grosjean & Lewis, 1982; Hatakeyama e t al., 1982; Ferek e t al., 1986) . DMS is also oxidized to MSA by atmospheric NO, radicals in the dark (i.e. night time) and photochemically with NO, (Yin et al., 1990; Jensen e t al., 1991 Jensen e t al., , 1992 Berresheim e t al., 1990) . The reactions involved have been summarized by Kelly e t al. (1993) . MSA is a strong stable acid that does not undergo photochemical breakdown and is consequently deposited on the Earth's surface in rain and snow, thus re-entering both the terrestrial and aquatic biosphere. Evidence of continuous global deposition of MSA over many thousands of years has come from examination of MSA concentrations at different depths in Antarctic ice (Saigne & Legrand, 1987) . The subsequent fate of MSA in the biosphere is not fully understood at present and there is little in the literature on the biodegradation of MSA. MSA was used as a sulphur source by Cblorella filsca but was the least well used of the C,-C, alkyl sulphonates tested (Biedlingmaier & Schmidt, 1983; Krauss & Schmidt, 1987) . MSA has also been identified as a sulphur source for bacteria isolated from soil and sewage (Cook & Hutter, 1982) and certain enteric bacteria (Uria-Nickelsen et al., 1993) . We previously described the isolation from soil of a novel Gram-negative methylotrophic bacterium, strain M2, that utilizes MSA as a sole source of carbon and energy (Baker etal., 1991) . We report here on the characterization of this bacterium and on the mechanism of MSA metabolism. Our experimental approach was based on the hypothesis that the initial step in MSA breakdown would be one of: (i) hydrolysis to yield methane; (ii) hydrolysis to methanol and sulphite, (iii) conversion to methyltetrahydrofolate and sulphate; or (iv) NAD(P)H-specific attack by an MSA-specific monooxygenase to produce formaldehyde and sulphite. We present evidence for the last of these.
Organism and growth conditions. Methylotroph strain M2 (Baker et al., 1991) was maintained on agar slants containing 15 mM MSA in a mineral salts medium (Min E) based on that of Owens & Keddie (1969) containing, per litre of distilled water: 1.2 g I<,HPO, ; 0.624 g KH,PO, ; 0.05 g CaC1,. 6H,O ; 0.1 65 g MgC1,. 6H,O ; 0-5 g NH,C1; 2 ml trace elements solution (Tuovinen & Kelly, 1973) . Phosphates were autoclaved separately. Where necessary, MgC1,. 6H,O replaced MgSO,. 7H,O for an essentially sulphate-free medium (Min E-S). For comparative growth experiments, carbon substrates were routinely added as filter-sterilized solutions to yield a final concentration of 15 mM, unless otherwise stated. Batch cultures of strain M2 were routinely grown in fermenters to provide biomass for enzyme assays and oxygen electrode experiments. These were either 1000 ml LH 100 series or 5000 ml LH210 series vessels equipped with pH, oxygen and temperature control. A constant temperature of 30 "C and pH 6.8 were used throughout and air was supplied to fermenters at 1 ml (ml culture)-' min-l. The purity of cultures was checked microscopically and by plating out dilutions of strain M2 on to nutrient agar, MSA agar and formate agar. Criteria for purity included uniformity of colony morphology on MSA agar and formate agar and absence of growth on nutrient agar. Cell dry weight estimates were by the method of Gerhardt (1981) . Chemostat cultures were established in 750 or 1000 ml waterjacketed vessels, with conditions maintained as above. Medium was pumped into the cultures using Watson Marlow flow inducers, and biomass production measured at several dilution rates. Analytical methods. Formate in culture supernatants was determined by the method of Lang & Lang (1972) . The concentration of formaldehyde in culture supernatants and in solutions prepared from paraformaldehyde was determined by the method developed by Nash (1953) . Methanol in culture supernatants was assayed by gas chromatography using a Pye Unicam series 204 gas chromatograph fitted with a flame ionization detector, and a Poropak Q column (1.5 m x 2.3 mm) operated isothermally at 160 "C. N, was used as carrier gas at 30 ml min-'. Sulphite was detected qualitatively using Ellman's reagent (Johnston et al., 1975) . Sulphate was determined by precipitation with an excess of barium ions (in 1 YO, v/v, HC1) and measurement of residual barium by atomic absorption spectrophotometry at 553.6 nm, using potassium hydrogen sulphate as a standard. SDS-PAGE analysis of cell-free extracts was carried out on 12 YO (w/v) acrylamide gels (Laemmli, 1970) .
The Western blotting procedure (Towbin et al., 1979) was carried out using a Gradipore electroblotting system and Hybond C nitrocellulose (Amersham). Antibody to the large subunit of methanol dehydrogenase from Metbylobacterium extorpens AM1, was kindly supplied by Professor C. Anthony. Total chromosomal DNA from strain M2 was purified by the method of Oakley & Murrell (1988) . Determination of the mol% G + C of the DNA of strain M was by the spectrophotometric method of Fredericq et al. (1961) . Escberichia coli DNA was used as a control for this method. Southern blotting, nick translation, hybridization methods and routine DNA handling techniques were by the methods of Maniatis et al. (1 982) . Whole-cell oxygen electrode studies. Cells were harvested by centrifugation at 1 O O O O g for 10 min at 4 "C. Resultant cell pellets were washed in 25 mM Tris/HCl, pH 7.0 (100 x pellet volume) and then centrifuged at 10000 g (10 min at 4 "C). This was repeated several times. Cells were resuspended in the same buffer and either drop-frozen in liquid nitrogen prior to storage at -70 "C or kept on ice for immediate use. Oxygen uptake by whole cells was measured using a Clark-type oxygen electrode. Assays were carried out at 30 "C in a total volume of 3 ml 40 mM Tris/HCl, pH 7.0, with 30-50 mg dry wt of washed cells. After measuring the endogenous oxygen consumption rate for at least 2 min, 1.7 mM substrate was added and subsequent rate of oxygen consumption measured. Values reported are means of at least four independent assays. Apparent K , values for MSA and other C, substrates were determined using substrate concentration ranges of 0.02-1.0 mM. Enzyme assays. These were performed at 30 "C using cell-free extracts of chemostat-grown cells. Organisms were harvested by centrifugation from chemostats maintained at a dilution rate of 80 YO of ,urnax for the particular carbon and energy source used, and broken by one passage through a chilled French pressure cell at 137 MPa. Cell debris was removed by centrifugation at 50000g (75 min at 4 "C) to yield a cell-free extract which was used immediately or drop-frozen in liquid nitrogen and stored at -70 "C. Protein content was determined using the method of Bradford (1976 
RESULTS

DNA base composition and growth substrates used by strain M2
DNA from strain M2 contained 61 mol% G + C . Attempts to characterize the organism using the standard API 20E system were unsuccessful as the organism gave negative results in 28 of 32 tests. This was due in part to its failure to grow on rich organic media such as nutrient agar. Growth on glucose or fructose was not accompanied by acid production. Strain M2 gave positive assays for urease and catalase and grew at 30 and 37 "C but not at 45 "C. The organism was a highly motile Gram-negative rod, 2-4 pm x 1 pm, occurring as single cells or as pairs of cells during growth on MSA. Optimum temperature was 30 "C and optimum p H 6.6.
Growth substrate spectrum of strain M2
Strain M2 was tested for aerobic growth in batch culture on a range of methylotrophic and heterotrophic carbon sources. Specific growth rates and apparent growth yield for a number of these compounds, supplied at an initial concentration of 15 mM, are shown in Table 1 Growth of strain M2 in batch culture on MSA In batch culture without p H control, strain M2 grew aerobically on MSA (10-40 mM) with a doubling time of 7-8 h. In a 750 ml stirred and aerated culture on 15 mM MSA the maximum specific growth rate ( prnax) was about 0.1 h-l, which was maintained while culture pH decreased progressively from the initial pH 7-0 to pH 5-4. Growth did not occur below pH 5.0 although the culture continued to produce acid to pH 4.5 following cessation of growth. Low concentrations of formate (up to 1 mM) and sulphite were detected during growth. Yields of 8-14 g dry wt mol-' were observed in batch cultures.
When strain M2 was grown on [14C]MSA, incorporation of 14C and increase in biomass paralleled each other in rate, as did decrease in dissolved 14C in the culture medium supernate. 14C incorporation ceased when growth ceased and the ratio of 14C from MSA assimilated relative to that lost as CO, was about 1 : 3. At least 70 YO of the cell-carbon was indicated to arise from MSA in these experiments. In similar experiments in which strain M2 was grown on MSA (or monomethylammonium) in batch culture in sealed flasks with 14C02, only 1&18 7 ' 0 of cellcarbon was derived from CO,. Earlier studies showed an MSA: oxygen stoichiometry of 1.0: 1.5 rather than the 1.0:2-0 required by the equation for the complete oxidation of MSA. This incomplete oxidation was previously attributed to the accumulation of formate (Baker e t a/., 1991). We have now found that repeated washing of MSA-grown cells (5-6 times) in relatively large volumes of Tris/HCl, pH 7.0, produces cell suspensions that effect the complete oxidation of MSA and other C, substrates, including formate. The explanation of this finding is not known. Sulphite was not oxidized in the presence of strain M2 at a rate significantly greater than its autooxidation rate.
The oxidation of carbon compounds by washed cell suspensions of MSA-grown strain M2 was assessed using an oxygen electrode cell, and the rates of oxidation relative to MSA compared (Table 2 ). Relatively few compounds were oxidized and the ability to oxidize alkane sulphonates decreased with increase in chain length, with no oxidation at C, and above by bacteria not previously exposed to these compounds. Oxygen : substrate stoichiometries were determined for the principal C, substrates used by MSA-grown strain M2 (Table 3) . These are indicative of the complete oxidation of substrates to carbon dioxide. Interestingly, monomethyl sulphate, which does not serve as a growth substrate for strain M2, was oxidized by strain M2, with a substrate : oxygen stoichiometry of 1 : 1.43, which is in contrast to the partial oxidation with a 1 : 1 stoichiometry observed by Davies et a/. (1990) with Agrobacteritrm sp. M3C.
Enzyme activities in cell-free extracts of MSAgrown strain M2
The presence of a methanesulphonate monooxygenase (MSMO) was indicated by the stimulation of NADH oxidation by cell-free extracts on the addition of MSA. A crude extract MSA-dependent specific activity of 59 nmol NADH min-' (mg protein)-' was observed. This activity was specifically induced by growth on MSA and was absent from methanol-grown cells. An NADH : MSA stoichiometry of 1 : 1 was observed in the cell-free MSMO assay. The purification and properties of this monooxygenase system will be described elsewhere (J. Trickett, T. Higgins & J. C. Murrell, unpublished work).
MSA-grown strain M2 rapidly oxidized methanol and the presence of a pyrroloquinoline quinone (PQQ)-linked methanol dehydrogenase (MDH) typical of Gram-negative methylotrophs was confirmed by: (i) assaying the enzyme (Table 4) ; (ii) Western blotting cell-free extracts of strain M2 grown on various C, compounds and probing with antibody to MDH from Metbyylobacterizlm extorqzlens AM1 ; and (iii) probing chromosomal DNA of strain M2 with a DNA probe encoding the structural gene for the large subunit of MDH (moxF) from M . extorqzlens AM1. MDH activity was present in MSA-, methanol-, formaldehyde-, methylammonium-and formate-grown cells (Table 4) . The large subunit of MDH was identified as a polypeptide of around 60 kDa in MSA-, methanol-, and formate-grown cells by means of Western blotting experiments (data not shown), MDH activity, and the 60 kDa polypeptide, were absent from pyruvate-grown cells. Southern blotting revealed the presence in strain M2 of several chromosomal DNA fragments with a high degree of homology (hybridization conditions allowing for approximately 15 % base pair mismatch) to the moxF gene of M. extorqzlens AM1.
High activities of hydroxypyruvate reductase were found in cell extracts from cells grown on all C, substrates tested (Table 4) , indicating the serine pathway to be the central assimilatory system for formaldehyde in strain M2.
Formate dehydrogenase activities in cell-free extracts were consistent with the dissimilation of formate to CO, by an NAD-linked formate dehydrogenase (Table 4) .
Hexulose phosphate synthase activity was not found in cell-free extracts prepared from organisms grown on any C, compound. Control experiments with cell-free extracts of methane-grown Metbylococczls capszllatzls (Bath) gave a positive hexulose phosphate synthase assay.
RubisCO activity was not detected in whole organisms of strain M2, previously grown on MSA or formate, using the CTAB-or Triton X-100-permeabilization methods. Control experiments using autotrophically-grown Tbiobacilylm verszttzls gave good RubisCO activities under the same conditions. Cell-free extracts of MSA-or formategrown strain M2 showed no cross-reactivity when Western-blotted and challenged with antisera to form I and I1 RubisCO from Rbodobacter sphaeroides or antiserum to Sylaecbococczis RubisCO. Similarly, RubisCO gene probes from Anaystis (Quivey & Tabita, 1984) and Rhodobacter spbaeroides (Gibson & Tabita, 1987) Growth of strain M2 on MSA was neither chemolithoautotrophic (from sulphonate-sulphur oxidation) nor autotrophic, as energy could not be obtained from thiosulphate by the organism, and carbon dioxide fixation contributed only about 15 % of cell-carbon during methylotrophic growth. The enzymological evidence presented is consistent with the serine pathway being the principal route for carbon assimilation during growth on any one of MSA, the methylammoniums, methanol, formaldehyde or formate. It is noteworthy that the growth yields in batch culture on MSA and methanol were similar ( Table l) , and that these were comparable to the values of 12-14 g mol-' seen with other serine pathway methylotrophs growing on methanol (Goldberg e t al., 1976) . Calculations by Harder et al. (1980) indicated a yield on methanol (by serine pathway methylotrophs) of at least 19.5 g mol-' to be feasible (based on 50 ' / o energy conservation efficiency). The yields of strain M2 on MSA observed in the chemostat (7-0-14-6 g mol-l), and the calculated Ymax of 19.0 are thus consistent with the theoretical limits. A useful comparison may be made with the yields of Hyphumicrubizrm EG, growing on dimethyl sulphoxide, as the oxidation of this compound may involve reactions (e.g. NADH-consuming oxygenations) akin to those in the metabolism of MSA. The Hjphomicrubizlm yield of 8.3 g dry wt (DMSO-methyl-unit)-l (Suylen, 1988) There are several possibilities for the mechanism of oxidation of MSA by strain M2. The first could involve hydrolysis of MSA to produce methane and sulphate in a reaction analogous to the C-P cleavage of methanephosphonate seen in Psezldomunas testusteruni (Daughton et al., 1979) . This is unlikely, since the organism does not grow on or oxidize methane. An alternative could be the hydrolysis of MSA to methanol and sulphurous acid :
The methanol produced would then be oxidized to formaldehyde by MDH. This mechanism has been discounted, since cyclopropanol, a specific inhibitor of PQQ-linked MDH, allows the complete oxidation of Murrell, unpublished). Another possibility could be the formation of methyltetrahydrofolate and sulphate from MSA, analogous to Psezldumonas MS growing on trimethylsulphonium chloride (Kung & Wagner, 1970 ; Wagner e t a/., 1967). This compound was, however, only a poor growth substrate for strain M2 and was not oxidized by MSA-grown cells.
The presence of the NADH-dependent MSA-specific monooxygenase suggests that MSA degradation is initiated by monooxygenase cleavage of the MSA to produce formaldehyde (and sulphite), according to the following stoichiometry : CH,SO,H + 0, + NADH + H+ = HCHO + NAD+ + H,SO, + H,O Subsequent oxidation of formaldehyde via formate to carbon dioxide and water would yield energy and reducing power for growth (and NADH for the monoxygenase), and growth would depend on formaldehyde assimilation by a conventional serine pathway. The mechanism proposed for the metabolism of MSA by strain M2 is outlined in Fig. 1 .
Our findings broaden the range of C, substrates known to be used by methylotrophs and provide evidence of a new monooxygenase system, specific for MSA. The demonstration of MSA utilization and complete degradation by strain M2 is of particular importance because it provides direct evidence of a microbiological link in the biogeochemical cycling of sulphur, enabling reoxidation in terrestrial and aquatic environments of MSA generated in the atmosphere from DMS. MSA is now recognized as a major intermediate of the air/sea/atmosphere exchange of sulphur and it seems likely that strain M2 is but one example of what may be an abundance of as yet uncharacterized MSA-degrading organisms.
